Abstract.-The effect of tyne (bending, tension or torsion) and temverature (100 K, 300 K) of 3.eformation on the internal friction snectrum of well-annealed qollrcrystalline zirconium has been investigated at frequencies of about 1 H z and about 100 H z . The result of ageing at tem2eratures not higher than 300 K on both the modulus and the internal friction is also described. The observed peaks are discussed in terms of either dislocation relaxation or dislocation point defect interaction effects and combined with literature data to obtain better defined values for the relaxation qararneters.
1. Introduction.-Since the work regorted by Hasiguti et al. [l] in 1961, who observed several low temgerature internal friction peaks in cold worked metals, this subject has been extensively studied (see e.g. [ 2 1 ) , mainly in f.c.c. metals. In this ?articular structure, the ~nter~retation of these neaks in terms of either intrinsic dislocation relaxation ?recesses or dislocation-~oint defect interaction processes seems to be rather well established and accepted.
In h.c.p. metals, however, the behaviour of those low temperature deformation induced internal frictlon qeaks is rather more complicated. The relaxation spectrum apqears to denend strongly on the imnurity concentration and on the thermomechanical history of the sgecimens. As a result, there are still various controversial interqretations concerning the nechanisns resnonsible for the oeaks. This is true in oarticular for zirconium. In this material, room temperature deformation results in a broad veak at about 150 K for 1 Hz. This peak was named Pd in the cited Hasiguti's naner [l] , as dislocation movement was suggested to be reswonsible for it, though the hypothesis of dislocation-point defect interaction was not disregarded by those authors. Following low temyerature deformation, another unstable peak was observed by some authors at temqeratures much lower than Pd peak, and was attributed either to dislocation relaxation [3] or to the ?resence of self interstitials [ 4 ] , while Pd was then interpreted as a dislocation-?inning effect [31. Some higher temnerature peaks were also observed after low temperature deformation [31 and the addition of H or In an attempt to try and clarify the conditions for observation of some of those ?eaks, in the present work experiments were carried out at two different frequencies on ?ure zirconium subjected to different types of deformation.
2. Exnerimental nrocedures.-The specimens were of 99,99 % gure Zr, either wire or plate shaped, obtained from llaterials Elesearch Corp..
The ?lates were = 0 . 3 m thick and cut into a dumbbell shape of 4 5 mm total length. The wire snecinen was 0 . 5 mm diameter and 1 0 0 mm long.
The annealing treatment was performed in an electrical furnace for the ?late, and by joule heating for the wire, under initial vacuum conditions better than '8 x 1 0 -~ Pa in both cases. The s~ecimen was heated ste?wise and very slowly so that the pressure inside the system would never exceed 8 X 1 0 -~ Pa. In this way it could be insured that, when the final temperature 1 3 0 0°C was reached, the vacuum was better than 2 X 1 0 -~ Pa. The specimen was kept for 3 0 min. at this temperature and then slowly cooled. For the wire, it was found necessary to maintain a temnerature of 9 0 0°C for about 4 h, before heating further to 1 3 0 0°C .
Electron microscopy observations of the plates after annealing showed the presence of a small density of precipitates which were identified as hydrides, after conparison with data in literature [ a ] .
It might also be, however, that these precipitates were introduced during electro-~olishing.
For damning measurements with the wire specimens a.norma1 Kb-type torsion ~endulum was used. The measurements were performed at constant strain amnlitude, the damning being measured as the in?ut energy required to keey the specimen vibrating at constant am9litude. Measurements were run at either a "low" strain amplitude of 2 . 1 0 -~ or a "high" strain am?litude of 3 . 1 0 -~. The data were taken with a continuously increasing temnerature (at a rate of about 0 . 5 K/min) and at a frequency of about 1 Hz. Deformation by torsion was carried out in situ by means of a gear mechanism ada~ted to the pendulum.
A flexural resonance system was used for the glates, vibrating as a cantilever at a frequency of about 8 0 Hz. Using electrostatic driving and F.?{. detection, the s?ecimen was again vibrated at constant strain am?litude, using input enercgy as a measure of the internal friction. (2):deformed by benannealing (2); torsional defamation dinq at 3.T.; (3):after ageing; at L.T. ( 3 , 4 ) and at 3.T. (5) .
(4) : measured at high strain amplitude; (5) :measured again at low anulitude.
called here Pd following the nomenclature introduced by Hasiguti and co-workers [l] . The geak disag~ears after the annealing treatment (curve 2) and can be reintroduced, although with a much smaller peak height, after 1 % deformation by torsion at room temperature (curve 5).
When the same amount and tyre of deformation was a>plied at 80 K to the specimen in the condition ( 2 ) , the 7eak did not appear immediately (curve 3). After annealing at 210 K, however, the neak was defined (curve 4) and the presence of other higher temnerature peaks was Besides its dependence on the tem?erature of deformation, the observation of these hicher temperature ?eaks seems to depend also on the mode of deformation. Several ?eaks between 160 K and 240 K were detected in one specimen annealed and slightly deformed by handling during mounting (figure 2, curve 1). After a 2 % deformation by bending at room temperature (curve 2), the ?eak Pd also aypeared (curve 3 corres?onds to the same deformation, after one day at B . T . ) . When subsequent measurements were made at a larger strain am?litude, the overall damping level as well as the peak heights were found to decrease (curve 4). By measuring again at lower am?litude after one day resting, the peak heights increased again and in addition there was also a larger and sharper ?eak at 230 K (curve 5) .
In order to verify this behaviour and to try and obtain activation ?araneters for the observed neaks analogous exneriments were The specimens used had a dumbbell shape, and were deformed a f t e r t h e a n n e a l i n g t r e a W , e n t , by bending i n s i t u a t -100 K . T h i s bending deformation was nerformed by u s i n g t h e (mobile) e l e c t r o d e s , and t h e amount o f deformation was roughly e s t i m a t e d from t h e sha?e of t h e snecimen a f t e r bending ( = 1 % ) . I n f i g u r e 3 ( c u r v e 1 t o 4 ) one o b s e rves t h e n r e s e n c e of a t l e a s t two
?eaks i n t h e c u r v e o b t a i n e d j u s t a f t e r d e f o r m a t i o n . Ageing a t room ternnerature r e s u l t s i n an i n c r e a s e i n yeak h e i g h t and i n a s h i f t t o h i g h e r t e m p e r a t u r e s . The peaks were found t o d e c r e a s e a g a i n when t h e sgecimen was once more deformed i n t h e same way ( c u r v e 5 ) .

. Discussion.-The o b s e r v a t i o n of a w e l l -d e f i n e d Pd peak i n zirconium seems t o r e q u i r e a r a t h e r h i g h amount of d e f o r m a t i o n , w h i l e t h e ~e a k tem?erature s h i f t s t o lower t e m p e r a t u r e s f o r a h e a v i l y deformed specimen l i k e i n an a s -r e c e i v e d c o n d i t i o n ( s e e e . g . r e f . [ l 1 1 ) .
T h i s f a c t , combined w i t h o t h e r f a ct o r s l i k e p u r i t y , p r e v i o u s thermomechanical h i s t o r y e t c . , e x p l a i n s t h e l a r g e s c a t t e r i n an A r r h e n i u s granh f o r Pd d a t a from d i f f e r e n t a u t h o r s ( f i g u r e 4 , curve 1 ) . The a c t i v a t i o n p a r a m e t e r s d e r i v e d from
t h e s e d a t a a r e l i s t e d i n t a b l e 1 . a u t h o r s . l-peak Pd; 2-peak P1; 3-peak P 2 ; 4 -~e a k P3. figure l, curve 3 ). This behaviour was also observed by Savino and Bisogni [31 and those authors considered as necessary for the yeak to apnear that point defects migrated to the dislocations. Hydrogen was suggested as the migrating ?oint defects and the interaction of dislocations with these point defects as causing the oeak. Yet, in zirconium charged with hydrogen [ 7 ] , it was found that the peak height was much larger in a specimen which did not contain hydrogen.
The peak does n o t appear i n n e d i a t e l y a f t e r l i q u i d n i t r o g e n
As one does not ex?ect the specimens used in the present investigation to contain much hydrogen (or oxygen) after the heat treatment, it appears reasonable to interpret the Pd peak in terms of dislocation relaxation. The necessity of an ageinrj treatment following deformation at liquid nitrogen temperature for the Pd peak to acpear can then be exnlained asfollows. Immediately after low temperature deformation there is a modulus decrease (curve 3 of figure 1 ) when compared to the annealed condition (curve 2). This is caused by the creation of dislocations containing a large concentration of geometrical kinks, thus inhibitinq the observation of a dislocation relaxation peak. During the internal friction measurement, dislocation rearrangement brings them into the valleys of the Peierls ?otential. In this condition then, the dislocations cannot move at temperatures below Pd, so that there is a recovery in the modulus, but they can contribute to Pd which can now be observed at 163 K (curve 4). The hicher tem?erature ~e a k s (figures 2 and 3) have also been ~lotted in an Arrhenius graph together with data regorted in the literature ( figure 4, curves 2,3,4) . The estimates for ~e a k s P1 and P2 so obtained (see table 1) are in good agreement with those reported by S ) and PB (0.51+0.07eV, Hasiguti 111 for Pa (0.50-+0.05 eV, 2 x 1 0~~" -l 9x1012+2.4 -1 S ) respectively. As first considered by those authors, these aeaks might be caused by an interaction between dislocations and point defects: deformation of the specimen is required and the peak appears at a tem~erature region where both, dislocations and point defects, are mobile. For some reason that might be related to deformation mechanism and mode of deformation, these peaks are better defined when the specimen is deformed by bending rather than by torsion or u n i a x i a l t e n s i o n . According t o Fromont e t a l . [g] t h e amount of p o i n t d e f e c t s c r e a t e d i n zirconium i s much h i g h e r a f t e r c o l d -r o l l i n g a t room t e m n e r a t u r e t h a n a f t e r t e n s i l e d e f o r m a t i o n ; deformation by t o r s i o n a t 4 . 2 K c r e a t e s 10 t i m e s more d e f e c t s t h a n e x t e n s i o n a t room t e m p e r a t u r e .
When a l a r g e s t r a i n a m p l i t u d e i s used, t h e ~e a k h e i g h t s a r e s t r o n g l y s u p p r e s s e d ( c u r v e 4, f i g u r e 2 ) . T h i s can be e x p l a i n e d by a ssuming t h a t a s a r e s u l t of t h e h i g h a m p l i t u d e o s c i l l a t i o n t h e p o i n t def e c t s have been d i s y e r s e d and can no l o n g e r c o n t r i b u t e t o t h e d i s l o c at i o n 3 o i n t d e f e c t i n t e r a c t i o n p e a k s . During ageing a t room t e m n e r a t u r e , t h e n o i n t d e f e c t s a r e mobile and r e t u r n t o t h e d i s l o c a t i o n s , t h u s r e s t o r i n g (and even e n h a n c i n g ) , t h e r e l a x a t i o n s t r e n g t h s . For s p e c imens deformed a t low t e m n e r a t u r e , t h e d i s l o c a t i o n g o i n t defeCt i n t e ra c t i o n neaks develo? d u r~n g h e a t i n g t o room t e m~e r a t u r e . Ageing a t 9 . T . c a u s e s n o r e p o i n t d e f e c t s t o m i g r a t e t o d i s l o c a t i o n s and t h u s l e a d s t o t h e f i n a l qeak shane ( f i g u r e 3 ) .
The s h a r p peak a t 235 K ( f i g u r e 2) c o u l d be r e l a t e d w i t h t w i n boundary movements. I t i s , however, d i f f i c u l t t o Drove t h i s h y p o t h e s i s b e f o r e a c a r e f u l e l e c t r o n microscony s t u d y of t h e v a r i o u s m a t e r i a l c o n d i t i o n s used f o r t h e i n t e r n a l f r i c t i o n experiments has been been.
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